Three types of polyacene quinone radical (PAQR) polymers were synthesized by the step-growth polymerization of naphthalene, anthracene, or anthraquinone reacting with pyromellitic dianhydride via solution polymerization under a temperature gradient. Zinc chloride was used as the catalyst, and nitrobenzene was the solvent. The different structures of PAQR polymers were analyzed by infrared, X-ray diffraction, and scanning electron microscopy. The thermal properties of PAQR polymers were described by thermal gravimetric analysis, and the electrical performances were investigated by a precision LCR meter and a digital high insulation meter.
Introduction
In recent years, researchers have used polymers as matrices by introducing micro-and nanoscale inorganic particles with high permittivity and easy polarization or other organic materials to form a polymer matrix composite dielectric material. The resulting material exhibits not only excellent dielectric properties but also good mechanical properties and processability. The interfacial structure of the inorganic particles and matrix enables the different materials to function as a whole and play an important role in the overall performance. [1] [2] [3] [4] [5] The permittivity of organic polymers generally ranges from 1.8 to 6, and such materials are widely used for insulation. 6 The presence of a series of electroactive organic solids, especially those with high conductivity and high permittivity, indicates that these materials can be used in cloaking devices, electrical energy storage, and sensors. 7 Given that polyacene quinone radical (PAQR) polymers have excellent electronic behavior, such as semiconduction and good thermal stability, they have attracted much research interest. 8, 9 In the early 1960s, Pohl synthesized highly polarized polymers showing promising electronic properties. 10 The performance of PAQR is related to the degree of polymerization, so the terms ekaconjugation and rubiconjugation were proposed by Dunn and Ford. 11 In terms of band theory, when the molecular size increases, the energy difference of the ground state and the first excited state approaches zero in an ekaconjugated macromolecule but remains nonzero in a rubiconjugated macromolecule. 12 Similarly, the former possesses stabilized orbital delocalization, which can provide the pathway for electrons or holes, whereas the latter structures or defects lead to the break of the conjugation of the molecule. [13] [14] [15] [16] [17] In this study, three types of PAQR polymers were synthesized through solution polymerization of aromatic hydrocarbons, such as naphthalene (Na), anthracene (An), anthraquinone (Aq), and pyromellitic dianhydride (PMA), at a temperature gradient. These reactions required 24 h, with zinc chloride (ZnCl 2 ) as the catalyst and nitrobenzene as the solvent. We aimed to determine whether different structures exhibit varying electrical performance. Figure 1 describes the Friedel-Crafts acylation reaction between aromatic hydrocarbon and PMA to synthesize the PAQR polymers.
Synthesis
The reactants including Aq, Na, An, and PMA were placed in a vacuum oven at 80 C under 10 kPa to remove water. The solvent nitrobenzene was purified by anhydrous magnesium sulfate and then distilled. The catalyst ZnCl 2 was stored in a desiccator after drying. This reaction was implemented in a high-pressure paraphenylene liner. According to the molar ratio of 1:1:2, aromatic hydrocarbon, PMA, and ZnCl 2 were mixed together and ground to a fine powder. Subsequently, 80 ml of nitrobenzene was added into the reactor. The liner was transferred into a microreactor with a temperature of 180 C for 24 h. After the reaction was completed, the pot was moved and cooled. The reactions at 200, 220, 240, and 260 C were observed sequentially. Finally, a filtration device was used to remove the solvent and obtain pure PAQR powders. Three types of samples were synthesized from the three different reaction monomers and marked as Na-PAQR, An-PAQR, 
Purification of the polymer
Ethanol was used to wash the samples, which were then dehydrated and placed into a grinding mortar to be made into small particles. Hydrochloric acid, distilled water, ethanol, ethyl acetate, and methylbenzene were used to purify the samples and dissolve the catalyst, unreacted monomers, and molecules of low polymerization degree. Finally, these powders were vacuum dried at 80 C and 10 kPa to remove water and solvent.
Characterization
The samples were characterized to determine the functional group, crystal structure, overview morphology, thermal behavior, and electrical performance. Fourier transform infrared (FTIR) spectra were obtained on an FTIR spectrometer (FTIR 8400S, Shimadzu, Japan) at a wavenumber of 400-4000 cm À1 , and samples were mixed with potassium bromide and compressed to finely ground pellets. The crystal structure was determined by powder X-ray diffraction (XRD, Rigaku D-max-gA X-ray diffractometer, Japan) with CuKa irradiation ( ¼ 1.54178 Å ; 2 ¼ 10 -80
). The surface morphology of these particles was observed by scanning electron microscopy (SEM, JEOL JSM-6490, Japan) with an accelerating voltage of 20 kV. Thermal behavior of the PAQR particles was examined using a US TA Instruments thermogravimetric analyzer (TA Q50, USA). The dielectric constant was measured by a precision LCR meter (HP 4284A, Aosta Instrument Co., Ltd, Zhongshan, China; DSM-8104, HIOKI, Japan), and the conductivity was measured by a digital high insulation meter (HIOKI) at room temperature.
Results and discussion
Each case exhibited similar molecular structures after tests. Therefore, we selected the products synthesized at 240 C for infrared (IR), XRD, thermal gravimetric (TG), and SEM analyses. Figure 2 shows the IR absorption of the three different PAQR polymers. The three samples showed similar IR patterns because of their similar structures. The absorption peak around 1600 and 1500 cm À1 was due to the skeletal vibration of the C¼C double bonds belonging to the benzene rings; in-plane bending vibration appeared at 1000-1300 cm À1 . The skeletal vibration of C-H was observed at 2800-2900 cm À1 , whereas out-plane bending vibration appeared at 600-900 cm
À1
. Furthermore, a sharp absorption peak was observed at around 1725 cm À1 , which was attributed to C¼O stretching. The hydroxyl absorption peak at 3500 cm À1 in the pattern of the Aq-PAQR polymer indicated the presence of surface hydroxyl functional groups, which may be introduced by the incomplete reaction.
The crystal structures of the three different kinds of PAQR polymers are described by the XRD patterns in Figure 3. A broad peak at around 26 was evident in the three diffraction patterns, which corresponded to the (002) reflection, a typical peak of carbon or graphite. 18 However, the (002) reflection possessed a mild peak, which was not observed in the XRD patterns. Therefore, the PAQR polymers had graphite-like structures, and they were irregular or amorphous in a semicrystalline state. The XRD patterns revealed that the Aq-PAQR, Na-PAQR, and An-PAQR polymers had similar structures. Furthermore, no other peaks were found in the XRD patterns, indicating that purification of the polymer was useful to remove impurities.
The morphology of the Aq-PAQR polymer was analyzed by SEM, and the results are shown in Figure 4 . According to the SEM images, some irregular particles with a diameter of about 1-10 mm were noted.
To study the thermal stability of the three kinds of PAQR polymers, TG analysis was conducted from room temperature to 600 C, and the results are shown in Figure  5 . The Aq-PAQR polymer demonstrated two temperature gradients: one at 225 C and the other at 352 C. The decomposition temperature of the Na-PAQR and An-PAQR polymers was 352 C. Under this temperature, the Na-PAQR or An-PAQR polymers showed good thermal stability and no reactions occurred. However, the weight of the Aq-PAQR polymer started to decrease when the temperature reached 225 C, remained stable at 294 C, and decreased again at 352 C. These changes showed that the An-PAQR and Na-PAQR polymers exhibited better heat stability than the Aq-PAQR polymer under a certain temperature range. Therefore, more active sites were present in the Aq-PAQR polymer than the other two, and hydrolysis occurred with increasing temperature. The polymer transformed into small molecules and evaporated at a high temperature, as evidenced by the IR patterns.
To explore the electrical performance of the three kinds of PAQR polymers, the permittivity and dielectric loss were tested by a precision LCR meter, and the resistance was tested by a digital high insulation meter. The results are shown in Figure 6 and Table 1 . As Figure 6 shows, the Aq-PAQR and An-PAQR polymers possessed the same variation. For Aq-PAQR, when the temperature changed from 180 C to 220 C, the permittivity increased gradually from 4.2 to 9.9, peaked at 20.6 when the temperature rose to 240 C, and decreased to 11.24 when the temperature increased to 260 C. For An-PAQR, when the temperature changed from 180 C to 220 C, the permittivity increased from 7.9 to 10.9, peaked at 14.7 when the temperature rose to 240 C, and reduced to 11.9 when the temperature increased to 260 C. Although the Na-PAQR polymer showed different properties, its permittivity peaked at 10.8 at 180
C and then gradually increased from 3.1 to 10.1 as the temperature changed from 200 C to 260 C. Considering that the electrical properties of polymers depend on inherent long-range electron orbital delocalization, which is associated with the orbital of the conjugated polymer, a high polymerization degree is accompanied with high permittivity. The structure of the polymer was more symmetrical and provided more orbitals, leading to high permittivity. Therefore, the Aq-PAQR and An-PAQR polymers exhibited the best polymerization at 240 C, whereas the Na-PAQR showed optimal performance at 180 C. The dielectric loss of the three PAQR polymers is shown in Figure 6 , and the variations were similar to the variations in permittivity. High permittivity led to high dielectric loss, except in the NA-PAQR polymer, which revealed the highest dielectric loss when the temperature rose to 260 C. The volume resistivity of the three PAQR polymers synthesized at 240 C is described in Table 1 . Aq-PAQR possessed the lowest volume resistance of 15.3 GÁcm À3 , whereas Na-PAQR had the highest volume resistivity of 58.1 GÁcm
À3 . An-PAQR demonstrated a volume resistivity of 29.3 GÁcm
À3
. Analysis of the dielectric loss indicated that Aq-PAQR had the highest dielectric loss, followed by An-PAQR. Na-PAQR showed the lowest dielectric loss at 240 C. Conductivity plays a key role in dielectric loss, and the structure of the monomer is an important factor in the resistivity of the polymer. Conductivity is proportional to the size of the unit charge transport and the number of carriers. In addition, increased ekaconjugation strongly increases the concentration of available carriers, which might be holes or electrons. The degree of conjugation of Aq-PAQR was stronger than that of the other two polymers, so Aq-PAQR had the lowest conductivity and highest permittivity and loss at low frequency. Figure 7 describes the relationship between frequency with the permittivity and dielectric loss of the PAQR polymers synthesized at 240 C. With the frequency rising from 10 Hz to 100 Hz, the permittivity of Aq-PAQR, Na-PAQR, and An-PAQR dropped from 77.0 to 6.3, from 24.5 to 5.0, and from 31.0 to 4.7, respectively. The permittivity decreased monotonically with the increase in the field frequency because of the decreased time available for polaron motion. At low frequency, high permittivity was interpreted as a result of the placement of the carriers into regions further from their opposite charge members, which conferred high polarizability. At high frequency, the changes in the effective length of the carrier path restricted the carriers to the limited part of the molecular orbital domains. Compared with the permittivity spectra, the dielectric loss spectra demonstrated a similar change rule, which suggested that high permittivity was accompanied with high dielectric loss.
Conclusions
Three different types of PAQR polymers were successfully synthesized through step-growth polymerization via solution polymerization. An-PAQR exhibited the best thermal stability compared with the other two polymers. The Aq-PAQR and An-PAQR polymers synthesized at 240 C showed the highest permittivity of 20.6 and 14.7, respectively, whereas Na-PAQR achieved permittivity of 10.8 at 180
C.
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